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Chemical gating of In 2O3 nanowires by organic and biomolecules
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In2O3 nanowire transistors were used to investigate the chemical gating effect of organic molecules
and biomolecules with amino or nitro groups. The nanowire conductance changed dramatically after
adsorption of these molecules. Specifically, amino groups in organic molecules such as butylamine,
donated electrons to In2O3 nanowires and thus led to enhanced carrier concentrations and
conductance, whereas molecules with nitro groups such as butyl nitrite made In2O3 nanowires less
conductive by withdrawing electrons. In addition, intrananowire junctions created by partial
exposure of the nanowire device to butyl nitrite were investigated, and pronounced rectifying
current–voltage characteristics were obtained. Furthermore, chemical gating by low-density
lipoprotein cholesterol, the offending agent in coronary heart diseases, was also observed and
attributed to the amino groups carried by the bio species. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1625421#
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Over the past decade, the synthesis of various nano
terials has attracted immense attention due to their pote
to serve as building blocks for emerging nanosc
devices.1–3 Among them, the electronic and sensing prop
ties of nanowires and nanotubes have been widely stu
because of their nanoscale dimensions and enorm
surface-to-volume ratios.4–9 For example, carbon nanotube
have been utilized to work as sensors for toxic gases6 and
small molecules.7 Field-effect transistors~FETs! based on
individual In2O3 nanowires have also been shown to of
superior performance as toxic gas sensors for NO2 and NH3,
based on charge transfer between the toxic species an
nanowires.9 These devices were further observed to exh
doping-dependent NH3 sensing characteristics, as reduc
conduction was observed for heavily doped nanowires9,10

and enhanced conduction was observed for lightly do
nanowires.10 Inspired by the afore-mentioned results, w
have explored using our In2O3 nanowires to investigate th
chemical gating effect of small organic molecules w
amine or nitro groups. The electron-donating capability
amine groups and electron-withdrawing capability of ni
groups were found to induce dramatic changes in the na
wire conductance as well as significant shifts in the g
threshold voltages, as a result of the carrier concentra
variation. In addition, adsorption of the nitro compound
partial lengths of the nanowires led to modulated chem
gating and intrananowire junctions exhibiting prominent re
tifying behavior. Furthermore, biosensors for species l
low-density lipoprotein~LDL ! cholesterol, which is the ma
jor carrier of cholesterol in blood and the offending agent
coronary heart disease,11 have also been constructed bas
on the In2O3 nanowires.

Single-crystalline In2O3 nanowires with diameters
around 10 nm were used in this study12,13 and a schematic
diagram is shown in Fig. 1~a!. Figure 1~b! inset shows a
scanning electron micrograph~SEM! of an In2O3 nanowire
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bridging the source/drain electrodes with a channel length
;3 mm. To avoid complications similar to the doping
dependent NH3 sensing experiment,10 only lightly doped
In2O3 nanowires were used for the chemical and biom
ecule gating experiments described later. Several compou
were used for chemical gating measurements, including t

FIG. 1. ~a! Scheme for molecular absorption on an In2O3 nanowire device.
The thickness of the SiO2 layer is 100 nm.~b! I –V curves of an In2O3

device before and after exposure to butylamine. Inset: SEM image of
device.~c! I –Vg curves recorded before and after molecular absorption w
the drain–source biasV50.1 V.
4 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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butylamine @CH3(CH2)3NH2, 99.5% from Aldrich#,
38– (aminoprol) triethoxysilane @APTES,
NH2(CH2)3Si(OEt)3 , 99% from Aldrich# and butyl nitrite
@CH3(CH2)3NO2, 99% from Aldrich#. The adsorption of the
organic molecules was carried out by placing fully char
terized In2O3 nanowire transistors facing the interior of
container with the organic compound for typically 5 mi
The nanowires remained above the liquid organics and w
exposed only to the molecular vapor. After the exposure,
device was dried with a stream of nitrogen. Electronic pro
erties of the devices were characterized in ambient at
sphere and at room temperature both before and after
exposure.

Figure 1~b! shows twoI –V curves with the gate bia
Vg50 of an In2O3 nanowire transistor before and after e
posure to butylamine. Before the chemical exposure, the
vice showed very little conduction with a zero-bias res
tance of 250 MV. After exposure to butylamine, the devic
exhibited significantly enhanced conduction with a zero-b
resistance of 17 MV. In addition to the conductance varia
tion, the sensing properties of our devices can also be stu
by monitoring the current dependence on the gate bias.
ure 1~c! shows twoI –Vg curves recorded before and aft
exposure to butylamine with a constant drain–source b
V50.1 V. Both curves confirm In2O3 nanowires are
n-type-doped semiconductors, however, a23 V shift in the
threshold voltage~from 0.5 to 22.5 V) was observed afte
the exposure. This indicates an increase of electron con
tration in the nanowire, which can be estimated to be
3107 cm21 following CDVT /eL, whereC is the nanowire
capacitance,DVT is the shift in threshold voltage,e the elec-
tron charge, andL the channel length.13 This increase in
electron concentration and conductance is attributed to
chemical gating effect of the amino groups in butylamin
consistent with our previous observation that lightly dop
nanowires exhibited enhanced conduction upon N3

exposure.10 Similar results~not shown! were obtained with
other In2O3 devices exposed to APTES, where a drama
increase in conductance and a negative shift in the g
threshold voltage were consistently observed. This furt
confirms the electron-donating effect of the amino group

In sharp contrast to butylamine and APTES, our In2O3

nanowire devices exhibited a totally different behavior wh
exposed to butyl nitrite. Figure 2~a! shows twoI –V curves
recorded before and after the butyl nitrite adsorption a
fixed gate biasVg50 V. This device was relatively conduc
tive before the exposure; however, after the exposure,
device showed a reduction in conductance around five or
of magnitude forV50.3 V. Furthermore, we also observed
significant positive shift in the gate threshold voltage fro
20.6 V before the exposure@shown in Fig. 2~b! inset# to
;5 – 10 V after the exposure@shown in Fig. 2~b!#, indicating
a decrease in the electron concentration. This can be un
stood as nitro groups are highly oxidative and are thus
pected to withdraw electrons from our nanowires, sub
quently leading to reduced conduction for ourn-type In2O3

nanowire. Similar behavior was observed when In2O3 nano-
wire transistors were exposed to NO2 gas.9

Armed with our understanding about the chemical gat
effects, we have further created intrananowire junctions
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exposing part of an In2O3 nanowire device to butyl nitrite.
This was achieved by using photolithography to cover up
right half of a nanowire device with a thick layer of photo
resist, while the left half remained exposed, as shown in
Fig. 3~b! inset. Electronic measurements were perform
both before and after the molecule adsorption. To elimin
the asymmetry caused by the local gating effect, a ‘‘symm
ric’’ bias scheme was used for data shown in Fig. 3, withV/2
applied to the drain and2V/2 applied to the source, thu
giving a total bias ofV. Fig. 3~a! shows a family ofI –V
curves recorded with the device before the butyl nitrite a

FIG. 3. ~a! I –V curves of the device before molecule absorption. Rat
symmetricalI –V curves were observed.~b! I –V curves recorded after ex
posure to butyl nitrite molecules. Pronounced rectifying curves were
served with all gate biases. Inset: Scheme for molecular absorption
device partially covered by photoresist.

FIG. 2. ~a! I –V curves of an In2O3 device before and after exposure t
butyl nitrite. ~b! I –Vg curve of the device after exposure. Inset:I –Vg curve
of the device before exposure. Here,V550 mV.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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sorption, withVg50, 25, 215, and225 V from the top
curve to the bottom. All these curves are rather symmetri
indicating the drain and the source contacts were about
same. However, the device exhibited a pronounced rectify
behavior after the butyl nitrite adsorption under all gate vo
ages used, as shown in Fig. 3~b!. The rectification ratio, de-
fined as the current at 0.7 V divided by the current
20.7 V, is as high as 400 forVg50 V. We attributed this
rectifying diode behavior to intrananowire junctions crea
by the partial adsorption of butyl nitrite molecules, as t
nitro groups withdrew electrons from the nanowire, th
leading to a shift of Fermi level away from conduction ba
for the left half of the nanowire. This effectively rendered
intrananowiren2 –n junction. By applying a forward bias
the potential barrier for electron flow was lowered, leading
a relatively large forward-bias current. On the other ha
reverse biases increased the barrier height and only
reverse-bias saturation current was allowed to go throu
much like what happens for conventionalp–n junctions.

Based on the electron transfer process just discus
In2O3 nanowires may also lend themselves to work as b
sensors for bio species containing amino or nitro groups.
have chosen to work with LDL cholesterol, which is th
major carrier of cholesterol in blood and the offending ag
in coronary heart disease.11 As shown in the Fig. 4~c! inset,
an average LDL particle contains a hydrophobic core an
protein called apolipoprotein B-100~apoB-100!, which has
positively charge amino groups (NH3

1) at the outer surface.11

Our sensing experiments started with making a suspensio
0.2 mg LDL powder~purchased from Sigma! in 2 ml 200%
ethanol. Electronic measurements were performed be
and after applying one drop of the LDL suspension onto
nanowire transistors, all under ambient conditions. As a c
trol experiment, a drop of pure ethanol was first applied
our device with the current monitored over time underV
50.1 V andVg50 V, and the results are shown in Fig. 4~a!.
The current increased immediately after the ethanol drop
introduced, and then returned to the original state once
ethanol drop evaporated away within 1 min. This cont
experiment was performed one more time, and similar res

FIG. 4. ~a! Time domain measurement for a device after exposure to p
ethanol twice and then LDL in ethanol.~b! I –V curves of the device before
and after exposure to LDL in ethanol.~c! and~d! I –Vg characteristics of the
device before and after the exposure, respectively. Here,V550 mV. ~c!
inset: Schematic of an LDL particle~adapted from Ref. 11!.
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were obtained@shown in Fig. 4~a!#. This was followed by
applying one drop of the LDL suspension to the device. T
current increased immediately; however, instead of return
to the original state, the device stabilized in a highly cond
tive state after a slight drop in current related to the etha
evaporation. This enhanced conductance is also eviden
Fig. 4~b!, where theI –V curve recorded after the LDL ex
posure shows a zero-bias resistance of 0.7 MV, as compared
to a resistance of 118 MV before the exposure. Figures 4~c!
and 4~d! depict theI –Vg curves recorded before and aft
the LDL exposure, where a negative shift in the gate thre
old voltage can be clearly seen, corresponding to an incre
in the electron concentration. Two factors may account
the increased electron concentration in the nanowires.
first is that the amino groups carried by the ApoB-100 p
tein in LDL particles may function as reductive species a
hence donate electrons to the nanowires. The second
comitant factor is due to positive charges carried by
amino groups, which can function as a positive gate bias
our nanowires, thus leading to the enhanced carrier con
tration.

In conclusion, chemical gating effects of both organ
molecules and bio species have been studied with In2O3

nanowire transistors. The amino groups in both butylam
and APTES were found to donate electrons to then-type
In2O3 nanowires and resulted in enhanced carrier concen
tions and also conductance, whereas the nitro groups in b
nitrite withdrew electrons from the nanowires, and led
reduced carrier concentration and conduction. Intrananow
junctions have been constructed by exposing part of a na
wire to butyl nitrite, leading ton2 –n junctions and pro-
nounced rectifying diode behavior with rectification rati
;400. In2O3 nanowires were further demonstrated to wo
as LDL sensors via interaction with the amino groups carr
by LDL particles. Our work clearly demonstrates the pote
tial of using In2O3 nanowires as both chemical and biose
sors.
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